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Abstract

The importance of light pollution in the disorientation, induction of stress and
overall decline of the survival rates of aquatic turtles has been thoroughly
researched during recent years. However, its importance may still be
underestimated in the public discourse.

The present investigation was based on an artificial setting in which the routes of
10 individuals sea turtles, in relation to different combinations of light
wavelengths, were recorded, in order to conclude as to whether specific
combinations of light act to repel, to attract or do not affect the animals at all.
The research question formulated is: What is the effect of different wavelengths
of light combinations (white/white, white/yellow, white/green, white/blue,
white/red and white/no light) on the distance from the light sources covered by
semiaquatic turtles of the species red-eared slider {Trachemys scripta elegans)
after the same time span (3 mins +0.1), measured in cm (+ 0.05)?

The results suggest that blue light was attracting the animals, whereas red,
yellow and no light (dark) were repelling them (paired t test significant
differences were found in most of the light combinations, at 95% level of
confidence). Green light seemed to have no significant influence over the route
selection of the turtles. These observations show that light pollution is greatly
affecting the sea turtles and the direction they choose to take, and further
research is needed to set the context within which, measures concerning the
criteria of seashore exploitation will be eventually developed.

Word Length: 240
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Chapter I: INTRODUCTION

1.1 Background Information

Several species of aquatic turtles, including those that inhabit the sea, as well as
those in the lakes, have been dramatically decreased in their numbers during the
last decades. The reasons behind their population decline are diverse: pollution
of water, loss of habitat, global warming and currently fisheries, all play an
important role for the survival of these animals.

Aquatic turtles have been shown to be easily attracted by the glowing lights that
are attached on longline fisheries (serving the purpose of attracting fish, like
tuna and swordfish) and move towards the light source. Inadvertently, they get
hooked and die by drowning, since they are not able to move to the surface to
breathe (Wang et al. 2007).

Oceanic beaches are narrow strips of sand where people build, live, recreate and
carry on daily activities, whereas sea turtles arrive to reproduce in specific times
throughout the year. Although the time, turtles spend on sand is very little, their
activities are critical for the perpetuation of their species. Humans create huge
environmental disturbances in the places they live, which eventually hinder the
normal life cycle of the turtles.

One of the most important types of detrimental human effect on the environment
of the turtles is light pollution. This type of pollution is different from other
types, in that it is energy rather than chemical substances and it does not
produce physiological effects on the animals (like oil and heavy elements do); it
rather causes psychological stress. It is therefore described as misinformation,
rather than a toxic material. Two important aspects of sea turtle behaviour
include the nesting site selection and the movement from the beach towards the
sea by the hatchlings (Witherington and Martin, 1996).

In conclusion, it is important to understand the effect of light stimuli on the
movement of turtles if strategies to avoid both the disorientation of the breeding
adults, the movement of the hatchlings towards the sea and their by-catch in
fishery lines, are to be implemented.

1.2 Choice of Topic

Greece has many endemic species of plants and animals, most of them under
protection from international environmental agreements and governmental
(CITES and UNEP) and non-governmental organizations (NGOs) like WWF and
Greenpeace. In the Aegean Sea, loggerhead sea turtles exist in large populations,
especially the species Caretta caretta. The Sea Turtle Protection Society of



Greece (ARCHELON) started in 1982 an intensive tagging program. Significant
numbers of nests were identified along the coastline of Crete and Zakynthos, as
well as North Sporades island complex. Nest protection as well as public
awareness actions started in 1990. During 2005 the First Aid Station and
Environmental Station started its operation in the context of LIFE-Nature project
in order to reduce mortality of sea turtles at sea.

Still another organization acting to protect the sea turtles is MEDASSET
(Mediterranean Association to Save the Sea Turtles) is an international NGO,
striving to conserve sea turtles and their natural habitats across the
Mediterranean Sea. Apart from conservation it gets involved in scientific
research programs, environmental education, lobbying decision-makers and
public awareness activities.

Over 7300 km of coastline from North-eastern Aegean to the Island of Sardinia
and from the Ionian Sea to Egypt and Libya, were surveyed providing invaluable
information on the life cycle of sea turtles.

Trying to be a part of the solution, my driving impulse was to collect data and
observe the turtles in response to the light pollution that surrounds them, which
among all other forms of pollution, has been given inadequate attention.
However, its effects might be much more deleterious than we think, greatly
reducing the numbers of the sea turtles through time.

1.3 Literature Review

In a review by Raymond (1984), a first summary of light pollution effects of sea
turtle hatchlings was presented, together with some potential mitigation. The
article reported a dramatic decrease in sea turtle attempts to nest at a brightly
illuminated beach in Florida, USA. Later reports (Mattison et al. 1993) showed
reductions in nesting attempts in places where lighting piers and roadways came
in proximity to beaches. Many other articles (Salmon et al. 1995; Dodd, 1988;
Martin et al. 1989) support the relationship between illuminated beaches and
decrease nesting.

Approximately one to seven days after egg hatching, the new born turtles
emerge from under the sand and all of them orient towards the sea. This process
happens mostly during night time. In natural conditions the hatchlings crawl in
frenzy to the sea. Any delay will result to death: exhaustion, predation and
dehydration will kill the hatchlings, upon delay (Mann, 1978).



A large amount of evidence supports that brightness is an essential cue for the
hatchlings to find the ocean. It has been shown that they move towards bright
light sources, both natural and artificial (Mrosovsky and Shettleworth, 1968).

The turtles’ response to light colour is different from response to light intensity.
Colour discrimination by turtles has been extensively researched. Experimental
data by Mrososvky (1972) shows that turtle hatchlings prefer blue light
illuminated directions than red light ones. Further conditioning behavioural
experiments showed that a red light, being less intense than blue, has to be 100-
600 times more intense in order for the hatchlings to equally prefer it (Fehring,
1972; Granda & O’Shea, 1972). However, it seems that it is not the intensity of
yellow light that affects the hatchlings, but its colour, because other high
intensity colours (near-ultraviolet, violet and green) do not elicit any attraction
or aversion from the hatchlings. Further research by Witherington (1992)
showed that the addition of high intensity yellow light to any other attractive
light source eventually decreases its attractiveness to the hatchlings. Low
intensity yellow light weakly attracts hatchlings, whereas high intensity yellow
light results in aversion (Witherington and Martin, 1996).

A probable explanation is that the reduction of hatchlings’ attraction to yellow
light sources, inhibits them from being misdirected from the moon or the sun.
However, controversial evidence exists as to the extended influence of the
sun/moon to hatchlings’ sea finding process; Rhijn (1979) and other scientists
report an insignificant influence of the sun to orientation of the hatchlings,
whereas, Witherington (1992) and others have shown that some species of
turtles and affected indeed.

1.4 Research Question

The research question formulated in this investigation is: What is the effect of
different light combinations (white/white, white/yellow, white/green, white/blue,
white/red and white/no light) with respect to the position of the light sources
covered by semiaquatic turtles of the species red-eared slider (Trachemys scripta
elegans) after the same time span (3 mins #0.1), measured in cm (* 0.05)?

1.5 Method

The distance covered by the turtles will be compared to a control, base line
measurement, for each turtle at each trial, in which only one light source will be
switched on (white light), whereas the second light source will be switched off.
Three distance measurements will be recorded for each trial: the first distance is
between the initial position of the turtle and its final position after 3 minutes



(20.1). The second distance is between the final position of the turtle and the
first light source, whereas the third distance is between the final position of the
turtle and the second light source, after 3 minutes. Therefore, the correlation of
the combination of the different light wavelengths to the distance covered by the
animals in a given time window will be assessed.

The hypothesis that is tested is the following: The expectation is that all aquatic
turtle individuals participating in the experiment (10 individuals) will show
similar responses to the different combinations of light, finally arriving at similar
distances, after 3 minutes (+0.1), since they all belong to the same species and
chronologically have hatched within a certain time in the past. In terms of the
different combinations of light the turtles are expected to show variations in
their final distance from the two light sources, as suggested by the bibliographic
references described earlier. However, the expectation to measure difference in
the distance from the 27 source of light (the variable one, having different color
than white) comes from the fact that the animals are differently affected by the
different light wavelengths (both their intensity and their color), as is supperted
by bibliography.

1.5 Variables

1.5.1 Dependent variable

The distance from the light sources covered by semiaquatic turtles of the species
red-eared slider (Trachemys scripta elegans) after the same time duration (3
mins +0.1), measured in cm (+ 0.05).

1.5.2 Independent variable

The different light combinations used as the first and second light sources for
each individual turtle. These combinations are: white/white, white/yellow,
white/green, white/blue, white/red and a control in which the first light source
will be white and the second light source will be switched off.

1.5.3 Controlled variables

Firstly, the species of the aquatic turtle participating in the investigation is the
same: Trachemys scripta elegans. This is important because different species may
show different responses to the same wavelength of light, therefore the results
will not be comparable.

Secondly, the number of individual turtles that are investigated will be the same:
10 individuals, which are going to be exposed to all different wavelengths of light
combinations.




Thirdly, the tests for each individual turtle will be the same, 15 trials for each
different wavelength light combinations investigated. The importance of the
collection of a large number of measurements lies on the fact that statistical
analysis can be performed (t-test) to statistically assess the significance of the
results.

Fourthly, the environment in which each individual turtle is kept, prior to
investigation, is the same (temperature, food, size of aquarium and salinity / pH
of water). These parameters could affect the well-being and health of the
animals, their behavioral patterns, as well as their motility.

A fifth parameter that must be controlled is the duration of time that each
individual turtle is allowed to move under the influence of the two light sources.
This duration of time will be 3 minutes (£0.1) for each trial, preceded by an
accommodation time interval of 5 minutes (+0.1) for each set of trials for the
same individual turtle, during which ambient light (first and second light sources
are both switched off) will be the only source of lights for the turtle.

Furthermore, the set-up in which the investigation will be carried out will be the
same in each trial; a rectangular corridor of 150.00cm length (+0.05c¢cm) and
60.00cm width (#0.05cm), constructed using wooden beams of 5.00cm height
(¥0.05cm).

The substrate on which the set-up will be constructed will be the same, small
pebbled earth, with rough surface texture, for the simulated environment to be
as close to the natural setting of the turtles as possible (newborn individuals
crawl on sandy/rocky beaches to reach the sea).

Still, another important controlled variable is the age of the individual turtles
participating in the experiment. All ten individual turtles are born at
approximately the same time, so their age at the time of the experimental
measurements will be approximately the same. This parameter is significant
since each turtle must be young enough so that the simulation of its crawling
towards the sea to be as genuine as possible.

In addition, the gender of the turtles participating in the experiment will be the
same to avoid any discrepancy or deviation, caused by a different behavioral
pattern of response due to different gender; therefore all the individual turtles
will be females.

Moreover, the two light sources used in the experiment will have the same
distance from the initial position of the turtle in the set up. The distance chosen
is 75.00cm (£0.05) from the initial placement of the turtle whereas the two
lamps are exactly opposite to each other and at the center of the side of the




rectangular set-up (a clear depiction of the set-up is shown in photographs,
Appendix 1).

Furthermore, the height of the two light sources from the substrate surface
where the turtle individual will crawl is the same, 20.00cm (%0.05). The
parameters concerning the light source distance from the initial position of the
turtle are important so that the different light combinations to have the same
influence on each individual turtle.

Additionally, the type of light bulb used in the two light sources will be the same;
a led lamp, not producing heat, of 3 Watts. Thus, the intensity of the light will be
kept constant in all trials.

Another important parameter that must be maintained constant is the type of
color membrane used to cover the light source in order to produce the desired
color (wavelength). Although the membranes used are of different color the
texture and thickness will be the same, so that no interference with the
constancy of the light intensity will be introduced in the measurements.

Finally, the time of the day during which the measurements will be performed is
the same (7.30 pm), in order for each turtle to accommodate under the same
ambient light and temperature.




Chapter II: PROCEDURE

2.1 Materials & Apparatus

The exact equipment and materials used are shown in the following table.

Apparatus Uncertainty
Aquarium (50x20x20cm)
Tap water
Dried turtle food: Gammarus-mix, raffy I, Sera® Reptil, made in
Germany D52518 Heinsberg
Electronic balance +0.1g
Digital Chronometer +0.1 min
Thermometer +0.5 °C
Two non-changeable light diodes - LED (TYP V1017/ JANSJ]O0, 4V
DC, 3W, 750 mA)
Straw cylinders of the same size and shape, to construct the
corridor in which the turtle movement will be monitored
Measuring tape meter +0.05 cm

Small pebbled earth surface substrate
Camera (Sony Cyber-Shot DSC-TX55, 16.2 MegaPixels)

Coloured membranes: red, blue, green, yellow, transparent

Rubber bands

Gloves disposable (latex)

2.2 Living Organisms

- Trachemys scripta elegans female individuals (10)

2.3 Experimental method

1. Aglass aquarium (50x20x20cm) was used to accommodate the 10 female

individuals of Trachemys scripta elegans turtles.

2. The aquarium was filled with tap water and placed in a well aerated,
sunlit area, with ambient temperature, ranging from 24°C to 30°C (+0.5).

3. Ten female turtles of the species Trachemys scripta, subspecies elegans
were purchased from Zoo Planet Pet shop?, all of which were born

approximately the same hatching time.

4. Special food in the form of dried gammarus and shrimps was given to the
animals on a daily basis (3 shrimp/gammarus individuals per turtle per

day).

1"Zoo Planet." Zoo Planet. N.p., n.d. Web. 21 June 2012.
<http://www.zoo-planet.gr/>.




5. The setting of the experimental measurements was constructed in the
following way (Figure I):
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Figure I geometric representation of the experimental setup, to show the
stepwise calculation used to confirm the movement of the turtles towards or
away from the 2nd light source (changing light)

a. Four straw cylinders of different length (two of them 150.00cm
and two of them 60.00cm) and same height 5.00cm each were
placed at right angles to form a rectangular corridor in which the
movement of the turtles would be recorded.



The two light diodes were placed at the two-shorted sides of the
rectangle, exactly in midpoint (at 30.00cm).

The placement of the two diodes was such as to be exactly
opposite to each other.

The height of the diodes and the angle of the incident light were
measured to be exactly 20.00cm and 45°.

In the middle of the longest wooden beam (at 75.00cm of the
150.00cm beam), a marking spot was drawn. At this exact spot,
each turtle individual was initially placed, at the beginning of each
measurement trial.

The exact setting, prior to measurement recordings is depicted in
(photographs in Appendix I).

Preliminary testing of the setting was performed by allowing the turtles
to move into the corridor without any special light present (only ambient
light was reaching the animals).

. The measurement protocol followed was:

a.

The first individual turtle was placed inside the rectangle at
exactly the marking spot.

The timer was set and the turtle was allowed to move around for
5.0 minutes (£0.1).

During this accommodation period, the two light diodes were
switched off; thus, the only light source for the animals is the
ambient light.

The procedure was taking place at the same starting time (7.30
pm).

After the accommodation period was completed, the control
measurement took place; the first light source was switched on
(white light) whereas the second light source was switched off,
thus simulating the natural night environment of the animal
(naturally the only light source at night for turtles in the wild is the
moon light).

The timer was set and the turtle was allowed to move around for
3.0 minutes (+0.1).

At the end of the time period, the final place of the turtle was
marked and the distance from the switched on light source, the
distance from the initial position of the animal and the distance
from the switched off light source, were all recorded.

Then, for the same turtle individual, the first light combination
measurements were carried out, in which both light sources were
switched on, in the following series of wavelength combinations:
white/white, white/yellow, white/green, white/blue, white/red.
Each combination of wavelengths was replicated for each animal
15 times in total.



j.  Procedure steps (a) to (i) were repeated in exactly the same way
for all ten turtle individuals in subsequent days at the same
starting time.

8. After all measurements were collected their analysis was carried out.

2.4 Statistical Analysis of the Measurements

The statistical approach chosen was the descriptive statistical analysis and then
paired-samples t test in order to identify the significance between the differences
observed in the movement of the turtles and the changing lights. The IBM SPSS
Statistics program was employed and the tabulated results are analyzed.

10



Chapter I1I: RESULTS

3.1 Raw Data

The following tables contain the raw measurements collected during the
experiment.

Table 1: Distance from the two light sources and the initial position of Turtle I at
each different light combination

Distances covered by Turtle I /cm #0.05

Light combinations /1% light source-2" light source

Replicates
White/no light White/white White/red White/yellow White/green White/blue
From Jight Fromlight Fromits From From Fromits From From Fromits From From Fromits From From Fromits From From Fromits
5 initia} Tight Tight initial light light initiat light tight initial light light initfal Tight tight tnitial
source 3 source 2 . v "
01 source 1 source 2 source 1 source 2 source 1 sourced position source 1 spuree 2 position source 1 source 2 position
1 2200 119.00 55.00 65.00 B84.00 68.00 85.20 3230 101.20 3820 7735 710 2215 11215 3220 57.10
2 38060 109.10 43.00 70.00 8050 20.65 J215 7835 25.20 27.85 12510 55.20 7640 71.85 2210 121.00 57.25 2810
3 6280 93.00 19.00 7450 78.20 2310 76.25 7955 7830 48.00 11220 3240 7650 7730 1915 12550 5145 30.20
4 £9.00 8950 1200 £69.00 8420 2080 7880 7310 2125 3910 11830 3875 78.20 7415 2340 11525 62.60 4245
5 64.20 £4.00 3370 78.20 809D 1850 64.55 82.20 2565 2450 126.20 56.85 6985 82.20 2675 220 23.10 5860
6 61.60 88.90 4000 82.10 7658 2165 69.00 79.65 3135 2110 132,60 55.75 74.60 7855 1128 13530 2240 68.60
7 5240 BE.20 12,00 8195 7870 2855 8025 £9.10 3570 2470 125.50 $2.25 7235 77.95 3420 142.05 1015 7140
B8 5§6.00 9250 3400 76.63 7830 15.15 78.10 7035 29.60 2825 12075 4950 76.25 7530 3220 136.10 17.65 7170
9 4450 101.00 39.00 7450 79.10 16.70 7235 7870 2455 3005 122.20 45.60 V455 75.65 2230 13885 1440 69.90
10 3650 112,80 40.00 79.90 81.25 19.40 7085 79.90 19.05 3270 114.65 3845 7845 7525 3335 14270 1010 7885
11 29.80 119,00 46.00 7125 87.10 B30 69.00 82.05 2140 29.20 117.25 36.60 7878 7405 2470 14040 9.05 8280
12 3210 116.20 3930 7235 88.60 1175 7163 #0.20 1835 2555 11175 3220 8225 6715 1755 14230 10.25 8165
13 3099 110.10 3670 7870 7890 2340 76.05 7430 2625 2810 116.90 3665 7135 79.05 1135 145.55 .05 B5.50
14 3450 114,90 4280 69,40 8250 3845 8215 60.05 2820 29.90 107.95 3100 7415 77.10 1610 13745 9.90 7995
15 30.05 11170 3615 7240 7930 44.60 B3.20 59.25 3035 2005 11530 3470 69.65 8010 1815 145.75 5.90 B650
Distances covered by Turtle Il /cm 10.05
Light combinations /1% light source-27 light source
Replicates & /1 lig 9
White/no light White/white White/red White/yellow White/green White/blue
f" o f‘,’ o Fromits from From Fromits From From Fromits From From Fromits From From Fromits From From Fromits
suﬁm mfx‘m initiat tight light initia Tight light initiat tight ght initial tight light initial lght tight fnitia}
1 2 pasition source 1 source 2 position source 1 source 2 position source 1 source 2 position source 1 source 2 position sotrce 1 source 2 position
1 3620 105.20 42.15 7205 7625 19.20 7805 7210 1810 1650 9595 25,20 8210 7050 1210 100.20 £65.25 2110
2 4280 99.30 34.20 8315 70.00 2530 76,00 7025 2220 1935 108.10 2835 7875 £9.20 2275 11018 4510 36.20
3 4570 97.70 28.1$ B80S 69.20 32.20 7410 7730 1915 27.20 108.00 2815 76.10 7328 2720 13203 2875 5230
4 65.20 8530 3535 7135 7810 1105 8110 6815 1830 3010 103.50 330 80.25 68.10 3510 105.10 50.20 3500
5 66.20 8280 68.70 68.20 8140 1815 7120 7870 17.20 3228 11275 3248 85.00 6475 19.15 99.20 5245 68.10
3 7530 79.20 52.10 7540 7975 2140 65.05 8295 1798 28.05 117.60 3850 69.25 75.20 2815 $8.15 5605 5855
7 3510 98.10 19.75 7950 7000 2858 6810 79.20 1945 29.10 11110 3205 6520 7235 3000 13570 1615 79.10
B8 29.20 10230 275 7005 78.70 30.00 7128 7635 18.00 1220 122358 4275 60.15 85.20 1805 142.85 3230 5335
9 71.90 8240 4015 8295 7225 19.10 65.25 8510 2005 2835 102.75 2200 7510 88.05 19.20 11235 45.00 48.20
10 3810 10895 3830 8050 69.10 2140 6710 B82.00 1765 39.10 98.05 1970 7835 7100 2530 129.00 2175 7210
11 4230 106.75 5255 7675 75.90 2805 59.20 90.25 12.05 40.20 01:0 2280 8105 7040 1800 114,40 45.05 6605
1z 69.20 8010 4145 8225 7235 22.80 65.60 87.10 810 4255 106.30 3105 76.00 72.85 2815 12120 28.90 62.00
13 5870 89.95 46.70 90,00 65.05 17.10 Fei5 BG.IS 14.20 35.60 168.70 3290 7005 81.20 2205 12510 40.00 5035
14 6430 B84.25 5185 7505 7200 10190 75.00 78.50 2825 51.20 99.20 42.00 75.65 8610 2380 131.90 2370 57.28
15 68.10 8150 62.05 79.40 7125 1290 7815 7135 3245 43.00 102.15 46.40 81.20 7520 915 140.10 1875 63.05
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Table 3: Distance from the two light sources and the initial position of Turtle 1l at

each different light combination

Distances covered by Turtle Il /cm £0.05

Light combinations /15t light source-2™ light source

Replicates
White/no light White/white White/red White/yellow White/green White/blue
From From light Fromits From From Fromits From From Fromits From From fromits Fram From Fromits From From Fromits
light ot f., initial light light fnitial tight tight initial light iight initial tight light initia) tight tight initial
source 1 h position source 1 source 2 position sourcel source T Eos\(iun source 1 source 2 position source 1 source 2 position source 1 source 2 position
1 2825 112,05 €0.10 £8.20 8250 3755 29.10 110.20 41.05 1125 124.50 49,55 85.30 67.85 2205 11815 40.25 4830
2 3456 10265 &4.70 78.05 84.20 3505 3135 109,06 3805 1435 13430 5450 £80.20 69.05 1520 112,45 3055 5045
3 3620 104.70 68.85 7230 79.30 2220 4635 164.00 27.08 2540 10235 39.80 78.40 75.05 2280 118.25 3850 5540
4 57.10 12110 59.0% 6555 8830 21.90 4240 10245 275 1840 114.60 3850 65.10 88.03 2445 312135 2850 5540
5 59.20 11735 61.20 7110 79.20 2135 3710 97.35 2210 2228 127.20 52.10 7850 7800 3218 11235 3760 4578
6 4250 122.65 70.70 88.10 7215 2030 29.20 111.05 35.50 2829 110.45 3230 7610 79.50 12.15 125.85 2320 &0.50
7 55.60 97.05 17.35 79.15 7635 2210 2720 11280 3465 2630 112,10 3515 74.40 7810 2555 13015 20.05 64.00
8 49,20 95.50 2210 84.20 7230 2485 3865 109.05 3640 3015 103.60 29.20 79.20 7450 1815 128.25 2855 5250
9 4870 7225 18.10 88.15 6830 2210 3475 108.65 3015 230 97.20 20,65 69.80 79.00 1210 12145 3580 4835
10 5755 8895 1720 84,20 66.20 2110 36.85 11045 3240 1535 12205 4855 7815 7120 23.20 13535 1938 62.60
11 3925 99.05 2280 7915 7130 3210 42435 20270 2855 4440 104.25 27.00 7625 7710 2515 11245 3845 5050
12 4550 10228 2870 7620 7755 27.20 41.25 98.45 1940 4355 1c2.10 3230 7215 7845 3010 12545 3050 5250
13 37.60 113.05 3410 8010 7238 2310 45.55 97.30 2150 39.20 11215 37.10 $940 8615 1245 121.80 3540 49.00
14 3720 93.00 14.08 7650 7820 3075 49.25 105.40 2540 3770 108.25 3220 65.40 8345 1980 12890 3935 50.40
15 35.05 98.95 2825 9135 7650 2735 5135 106.40 3150 3230 111.20 3210 5930 8645 2950 12230 4245 4430
. . .. .
Table 4: Distance from the two light sources and the initial position of Turtle IV at
Distances covered by Turtle IV /cm 20.05
Light combinations /15 light source-2m light source
Replicates
White/no light White/white White/red White/yellow White/green White/blue
from From light Fromits From From Fromits From From Fromits From From From its From From Fromits From From from fts
Tight courc cg;, initial light light Injtial Tight Tight snitial tight fight ioitial light light initlal light tight initial
source 1 C pasition saurce source @ position source 1 source 2 position source 1 source 2 position source 1 source 2 position source 1 source 2 position
1 62.20 8550 1215 70.75 80.00 1210 80.80 69.20 2100 1230 128.50 55.00 7620 7410 1940 12110 3200 51.40
2 40.15 102.20 3050 78.95 77.20 30,05 7830 6838 35.05 2045 132.25 5$7.40 7135 §0.80 29.95 131.5¢ 3040 5350
3 47.30 96.10 21.05 79.20 7030 27.05 78.05 7660 1235 19.20 135.55 6210 70.00 8350 2240 109.45 4000 50.10
4 52338 8018 4005 66.60 8405 555 8405 6330 2070 2250 125.15 45.00 8555 70.20 1550 95.30 62.80 3140
5 68.50 80.90 57.05 7208 7455 32,05 7405 7585 2775 12.75 122.05 4805 7200 7200 2240 103.70 5415 4200
6 78.05 75,05 60.15 6030 89.20 1018 69.10 7935 40.55 27.05 12355 4570 6355 82.00 1830 109.35 3545 47,05
7 39.00 161.55 3715 69.20 76.05 2340 7240 79.20 2775 10.10 130,15 5210 7200 76.05 37.50 123.10 2890 5530
8 4130 100.20 27.05 7770 60.20 3200 6335 89.10 3100 1670 129.80 5550 £9.45 77.60 1805 134.60 17.20 5,65
9 48.10 9115 3110 55.05 86,00 2205 7105 79.00 27.20 1810 130.70 52.20 7950 7025 3180 113.60 2040 6550
10 5230 90.20 1835 6850 84.20 32185 6140 8990 2025 2770 121.%0 4240 7465 76.20 2810 137.50 3200 5050
11 3540 116.05 3200 70.25 8130 19.00 £9.20 80.05 3230 23.25 127.20 5555 7645 72.20 2830 120,10 29.00 60.35
iz 57.20 99.05 3980 7540 7820 1205 6835 81.05 7.70 2835 12670 5145 7210 7790 1550 136.60 2500 60.60
13 5045 92.00 20.05 67,75 86.05 30.50 68,90 8530 2075 3020 11858 40.50 8110 6830 1865 106.70 5160 4330
4 57.70 B9.90 25.28 67.20 88.50 1175 65,25 88.20 40.35 2730 12175 4275 82.00 £4.40 2140 12430 24.00 5840
15 62.20 9210 1210 7435 6430 1910 722 78.05 7,70 1938 11580 38.95 7855 }ZA,&O 17.00 110.60 3790 54.10
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Table 5: Distance from the two light sources and the initial position of Turtle V at
each different light combination

Distances covered by Turtle V /cm £0.05
Light combinations /1 light source-2 light source
Replicates
White/no light White/white White/red White/yellow White/green White/blue

From From light Fromits From From Fromits From From Fromits From From Fromits From From Fromits From From Fromits

light wumf‘z initial Tight fight Inftial light light initial light ight tnitial tight light initial light light fnitial
source 1 position source 1 source: 2 position source 1 source 2 position source 1 source 2 position source 1 souree 2 pogition source 1 source 2 position

1 2140 114.50 41.45 76.00 7420 2350 F0.25 7700 31250 1570 11340 4110 76.20 7410 2310 114,60 3250 49.50

2 3630 10143 3135 7845 75.80 4100 77.30 7835 2800 2450 102.00 3900 7138 B0BO 13.00 12330 22.20 60.00

3 2580 11550 35.50 8325 7070 3260 7940 7280 3460 2930 131840 4205 79.00 8350 19.60 117.05 2430 58.00

4 6350 8910 41.60 69.05 8300 2115 73.00 79.60 2345 34.00 115.10 4140 8650 £6.40 2350 99.10 55.40 3265

5 £030 89.00 4930 7140 78.60 25.65 69.70 8220 3350 2655 112.00 33.60 79.20 7240 1465 11850 3203 49.10

6 67.60 8130 3120 68.00 8290 3278 73.20 7810 1200 32.25 10790 35.65 7280 7840 23.25 104.60 41.00 4435

7 5690 89.20 4350 67.80 7890 1630 7270 7580 3140 374 105.10 34385 7910 7435 19.90 10%.00 37.20 49.60

8 2530 125.50 54.00 66.45 81.90 24.05 68,60 BO.GO 2450 845 130.50 5130 74.50 75.30 2140 128.90 2300 5900

9 6420 88.10 3135 79.80 74.80 3455 69.40 8090 3265 1950 116.00 39.20 7590 7445 14.00 12610 25.10 57.90

10 41,00 104.00 3310 7800 7240 3110 7615 7450 1740 3150 104.00 3190 7040 79.00 3150 126.10 23.90 5875

11 46.20 10255 45.70 7930 7240 2’76 6545 88585 2660 37.60 112,10 3420 68.80 8110 3470 125.50 2830 56,15

12 71.00 7880 3255 7845 73.80 9.95 6380 B140 28.60 3670 11440 3565 69.15 79.00 31.00 12250 2495 5855

13 64.90 90.15 35.90 8540 6745 2350 68.50 8305 3170 3160 11150 3430 7945 7250 10.90¢ 113.80 27.20 5510

14 7300 7808 39.90 7815 76.65 1430 79.10 7345 3340 4450 101.70 3310 79.30 69.9¢ 29.00 129.30 23.08 57.80

15 6230 89.75 4245 82.10 67.00 810 70.60 7895 45.90 39.60 114.60 4130 8175 68.10 2550 12510 2000 6245

. e ey ..
Table 6: Distance from the two light sources and the initial position of Turtle VI at
Distances covered by Turtle VI /em £0.05
Light combinations /15 light source-2" [ight source
Replicates
White/no light White/white White/red White/yellow White/green White/blue
from From light Framits From From Fromits From From Fremits From From Fromits From From From fts From From Fromits
light ¥ initial tight light initial Hght light initia} light tight initia} tight light initial Hght light initial
& source2 g 5! ¢ g g} y ¥ !
source 1 position source 1 source 2 position source 1 source 2 position source 1 source 2 position source 1 source 2 position source 1 source 2
1 11.60 13110 50.50 80610 7140 1255 77.00 72.40 19,50 10.9¢ 12580 48.60 €505 79.00 12.35 100.05 4540

2 .20 123.00 42.40 8245 63.00 3575 68.40 8105 2520 1670 124.60 5220 66.55 8075 3245 117.80 2745 55.45
3 29.10 126.30 48.90 88.0% 6585 2250 §9.60 7950 29.00 23.50 126.20 45.75 7180 7805 1830 13455 30.35 52.60
4 5150 93.00 19.20 62.10 8%.20 5.00 B150 7085 12.55 18.30 125.00 46.00 6550 8335 31.30 10950 13140 5135
5 57.80 79.00 31.60 7550 72,80 19.80 8230 65.10 18.70 3370 167.40 42.80 59.00 0.55 27.80 12550 2080 64.40
& 5170 99.10 3380 62.40 78.50 24.00 78.60 71.00 25,60 2605 113.00 38.00 470 7235 2520 12255 2065 6135
7 4350 $8.00 14,60 7050 14.00 23,10 65.10 7785 22.30 025 128.45 5005 73.30 7780 15.35 13045 1590 £5.35
8 31.80 118.00 4230 69.00 76.05 35.40 7370 74950 3150 19.95 121.40 4810 76.50 7220 1230 122.50 24.45 5645
9 5460 92.00 25.50 68,30 7670 3375 75.20 83.55 1190 2380 11930 5290 7435 76.40 1220 12175 25.50 55.55
10 30.20 113.95% 34.00 68.10 78.20 25.00 7075 79.10 12.60 970 130.30 52.50 8045 £9.00 3120 107.66 3270 53.65
13 3150 113.0% 40.30 81.80 7010 2250 69.80 £0.00 3420 10.50 122,00 49.70 7335 045 2225 11075 2445 58.20
12 67,35 B4.50 21,05 7035 78.60 15.00 68.81 79.00 14.90 23.00 11510 3940 76.30 7540 1015 106.40 42.75 3880
13 61.30 £8.22 12,95 8150 £5.60 19.70 6490 26.60 19.90 39.30 100.00 2535 72.80 78.45 13.3% 11635 3065 51.50
14 67.20 82.20 24.55 6505 81,05 27.40 74.00 7560 1080 3565 112.90 4100 63.85 8155 35.50 99.90 4540 45,50
15 54.30 91.00 28.50 50.50 56.30 3450 7730 74.00 1650 12.05 126.80 48.30 69.65 73.85 1440 95.65 45.75 4150
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Table 7: Distance from the two light sources and the initial position of Turtle VII at
each different light combination

Distances covered by Turtle VI /cm £0.05

Light combinations /1t light source-2n light source

Replicates
White/no light White/white White/red White/yellow White/green White/blue
From Fromtight Frr{m its F‘mm F}‘l)m F}'n}rr} its From Ffom F!'a‘m its From F}'em Fronj its From From Fro'm its From Ff‘nm Fn{m its
1zt a2 initial tight light Initial light tight initial light Tight inftial Jight tight initial light Tight Initiat
source } position sapree 1 source 2 position source 1 source 2 positivn source} soutce 2 position sourgel source 2 pesition source 1 sourge 2
1 1840 124.50 49.25 75.50 71.35 1125 80.80 68.75 3440 1990 12035 4330 59.90 84.40 3005 114.00 3185
2 1120 130.45 55.55 7045 7735 15.50 £9.85 7995 40,50 23.40 120485 4245 66,75 £20.80 4340 123.3% 2455 58.00
3 20.25 11830 5250 7125 78.50 16.75 7145 76.60 3885 12.35 130.35 4350 6855 79.90 40.55 119.80 2800 55.00
4 2340 12040 5365 8145 70.50 2325 7750 7235 5055 2890 118.50 4595 71.30 75.50 19.95 106.75 349% 47.75
5 2780 118B.55 42.45 20.40 68.75 3450 7245 7745 57.80 27.85 12045 42375 72.45 7745 1885 109.95 3475 46.55
6 2345 12060 A5.65 77.80 74.40 31.55% 7255 7330 3850 14.45 120.55 40.90 7735 75.60 2345 111.80 41,05 4235
7 19.95 12850 49,90 7455 77.80 25.45 7245 78.50 2560 1675 11750 39.5% 70.00 78.55 2850 108.35 37.90 4860
a8 2330 12045 47.85 7135 73.95 27.35 79.8% 7280 41.30 13.95 115.55 3775 65.45 B0SS 3155 118.90 2475 59.65
9 27.80 138.50 4135 7480 7650 3965 7135 60 5525 14.50 132.35 5450 $5.90 85.40 28.80 11245 3595 47.85
10 18.45 12045 44.35 79.85 £8.95 3125 79.95 70.25 4885 1665 13380 59.60 59.55 8320 3485 13070 30.80 5190
11 2100 114.50 50.00 s 76.25 19.80 7325 76.50 5635 1895 12465 4630 61.30 £6.05 5135 118.30 3165 5105
12z 2850 106.65 34.45 81.3% 68.80 16.50 72.90 68.80 4280 1345 13175 5355 7705 7345 3800 13005 15.65 68.85
13 26.50 111.45 37.75 8245 66,50 24.45 820 69.95 3995 18060 12390 52.50 72.30 76.66 4995 128.80 2055 63.40
14 22,60 112,45 34380 72.80 n2s 2885 £9.55 8145 29.00 340 112.50¢ 3980 63.85 7780 5225 117.75 2175 £0.50
15 1885 119.60 39.90 69.90 78.8% 3025 735 7180 2180 27.80 11500 39.9% 6750 8125 53.20 126.00 2400 57.95
Table 8: Distance from the two light sources and the initial position of Turtle VIII
at each different light combination
Distances covered by Turtle VIII /cm 20.05
Replicates Light combinations /1% light source-2" light source
White/no light White/white White/red White/yellow White/green White/blue
anm From light Fruvm its From vam an3 its F‘mm From Frunf its From F‘mm Fromits From Ffum anf its l-'}'cm From Fm‘m its
tight coutee? tnithal light light initiat Tight light inisial Hight light initial light tight Initial tight Tight initiat
saurce 1 position souree 1 source 2 position source 1 sotree 2 position source 1 source 2 position source 1 source 2 position source 1 source 2 position
1 2235 120.55% 4015 73.40 76.55 13.45 78.65 7095 1450 1235 1212% 4100 7055 I 23.00 100.05 48,70 49.95
2 2775 10120 31.35% 69.95 78.80 14.40 79.00 70.00 1210 18.80 120.50 49.80 7545 7145 4355 11085 3785 54.60
3 2200 11445 3545 68.90 B0.8S 17.85 75.50 7145 8.70 11.00 113.00 3735 68.05 73.00 41.05 123.05 2065 65.55
4 19.95 11680 3740 7135 75.65 19.90 74.35 73.40 1675 3000 109.05 44.50 £9.35 8035 48.85 12005 26.05 63.25
s 18.80 13040 49.90 75.65 7445 2335 7725 7235 3005 40.25 107.40 29.05 075 7685 4230 12225 19.35 7555
6 29.00 120.85 46.85 7935 77.85 28.85 78.55 7045 2540 38.85 11005 38.85 63.75 7780 2890 99.05 40,75 63.65
7 3150 11025 3145 78.90 73.3% 2300 68.50 78.65 2335 3125 106.55 28.80 7090 76,55 2450 95.85 47.85 48.75
8 19.75 11245 3993 7135 7665 27.75 69.60 74.25 28.90 2785 107.85 45.00 59.05 025 19.05 104,50 4005 49.00
9 28.8% 11990 4335 63.00 20.00 2560 7145 7145 2785 2345 118.00 48.05 64,25 78.65 31.45 103.05 44.85 4505
10 3350 110.35 3035 7445 75.45 31.20 7850 73.35 2280 39.05 105.65 28.85 £9.05 7345 37.75 11475 3238 5225
11 3580 132.5% 3785 80.55 68.85 3535 0 7125 18.85 42.50 101.45 3150 76.50 7135 23.00 128.65 3030 53.00
12 3195 109.80 4135 78.50 69.00 38.55 68.50 8055 19.00 18.65 125.05 A7.55 72.25 77.00 3865 13045 31785 7590
13 39.90 106.55 46,65 .25 75.45 3800 69.05 7845 .75 17.80 121.50 41.00 68.35 B1.45 2050 12785 14.05 68.15
14 18.85 12055 42.00 7450 7325 41.35% 8100 68.05 2665 28.90 115.60 4355 6480 82.35 19.85 11875 28.90 54.05
15 14.50 13480 58.85 76.00 7235 2885 7945 69.85 2255 2665 118.95 4305 66,45 8100 13.05 10060 4565 4£7.00

14




Table 9: Distance from the two light sources and the initial position of Turtle IX at
each different light combination

Distances covered by Turtle IX /cm 20.05

Light combinations /15t light source-2 light source

Replicates
White/no light White/white White/red White/yellow White/green White/blue
From From light Fromits From From Fromils From From Fromtts From From Fromits From From Fromits From From Fromits
light courc fz initial tight light Initial tight tight initial Light tight initia light tight fitial tight tight initial
source 1 source 1 source 2 pasition source 1 source 2 position source 1 sotirce 2 position source 1 source 2 position source 1 souree 2 position
1 1235 136.0% 78.90 71.00 1890 2065 68.75 3055 2158 12355 52.55 72.3% 7750 9.55 103.4% 36.65 €0.45
2z 2045 12445 4355 76.55 7235 50.00 7605 7145 14.00 29.00 12050 4385 7785 7235 19.00 131.00 2865 53.45
3 23.35% 12378 53.05 7405 7255 4550 7545 7325 1895 24,35 11885 43.05 75.00 62.00 16.50 109.85 34.00 48,65
4 13.00 12055 48.95 69.80 79.80 40.80 78.05 6805 40.45 2875 1ns.70 A2.65 6885 8045 1235 113.2% 3275 5125
5 17.85 12605 53.05 71.35 7545 3895 68.65 76,50 18.40 2100 12180 4280 60.55 86,75 18.50 11885 3165 59.00
6 2450 11650 49,65 8065 68.85 42.70 69.85 7705 23865 1785 12085 4395 64.75 83.40 2045 12065 2245 63.20
7 29.95 12005 41.85 83.25 £4.55 43.50 075 7845 27.30 18.0% 130,65 51.0% 75.00 7405 8.50 118.45 2895 56.45
8 28.00 121.85 48.45 73.05 7135 20,65 7325 7535 13.20 13.75 136,05 6465 7345 7450 31.2% 11905 2465 60.95
9 2455 120.35 49.05 71.00 7780 32.80 77.10 73.05 26.00 10.05 13750 66,55 7165 76.52 2865 12375 25.65 58.75
10 1885 121.00 47.40 7945 6545 3765 78.15 s 28.85 25.45 12350 56.85 7900 70,65 35.85 12545 2305 6100
11 1685 13025 58.00 7335 69,05 3285 8105 67.85 3275 2975 120.75 46.75 76,50 750 3425 11975 27.00 58.65
12 15.70 127.05 4850 7725 68.95 48.05 75.00 72,70 3896 3030 117.95 51.05 7345 7465 22.65 123.65 2075 62.0%
13 12,00 12505 53.45 2049 £4.90 43.85 71.05 7735 33.05 3305 11080 3715 78.05 £9.05 30.75 11230 3605 48,65
14 2350 12185 49,05 81.25 6235 18.95 7325 7585 26,65 26.95 112.45 4095 2090 87.45 34.85 123.75 25.50 64.65
15 29.05 11875 50.00 78.85 20.20 30.00 74.55 7550 2845 20,10 128.95 5$8.65 81.3% 65.00 3008 100.5% 3885 58.00
.
Table 10: Distance from the two light sources and the initial position of Turtle X at
Distances covered by Turtle X /cm 0,05
Light combinations /1 light source-2" light source
Replicates
White/no light White/white White/red White/yellow White/green White/blue
From From light Fromits From From Fromits From From From its From From Fromits From From Fromits From From Fromits
Tight mum“z initlal Tight light inltial Tight fight initial tight tight initiat light light intial tight tight fnitial
souree 1 pesition source 1 source 2 position source 1 souree 2 position sutiree 1 source 2 position source 1 source 2 position. source 1 source 2 pesition
1 1895 112.00 34.50 80.65 68.5% 19.50 72.60 76.50 12.75 2090 12345 5255 065 7885 119,65 120.05 25.65 59.05
2 24.5% 12445 48.90 65.50 75.00 4375 75.85 7185 3470 2435 120865 58.90 7545 72.3% 17.8% 124.45 2095 64.65
3 28.5% 120.85 46,75 78.55 70.95 48.00 7405 75.50 36.50 2895 109.75 4545 73.00 7605 14.55 12065 26.55 64.45
4 27.0% 12105 5155 76.00 7235 51.90 67.80 79.75 34.00 9.00 13090 5255 67.80 7875 24.50 127.85 2050 61.25
5 2325 119.85 29,05 74.35 74,60 57.85 8090 67.55 27.85 1325 136,65 58.90 69.05 76.55 2885 109.85 3785 59.00
6 19.75 12555 47.65 79.05 68.75 53.45 7100 7505 2465 1775 13135 59,65 71.25 76,35 32.65 104.55 40.05 5185
7 16.85 13075 58.00 7005 76.05 47,65 77.3% 7235 2099 31.65 115.8% 48,45 7325 73.45 38.25 100.75 4280 5435
8 1000 12575 47.85 68.90 78.6% 56.00 73.05 7045 1895 28.65 11235 3830 78.90 7000 39.00 112.75 3658 39.0%
9 13.75 121.25 48.00 69.75 78.35 3875 7235 71.00 43.25 1890 11945 40.75 £0.95 65.75 41.65 12045 28.6% 56.85
10 2475 127185 49.45 2095 67.85 3105 79.05 7035 48.15 1045 13050 62.35 78.55 67.80 2675 125.65% 2490 68.50
11 28.65 12090 531.25 8170 6535 35.25 67.85 7825 30.05 675 130,65 £€6.45 76.05 £9.05 2850 12390 35.65 6435
1z 23.05 119.85 45.05 7945 B7.80 3895 .08 75.10 3565 3400 110.75 38.55 7435 73.65 2205 114.70 3125 £0.45
13 3105 13658 50.85 62.00 80.95 43.00 79.80 69.05 4895 2875 110.50 3280 76.00 73.50 28,65 118.65 21,05 57.05
14 2685 32135 43,45 7135 7100 2605 7345 75.15 2800 35.45 105.80 27.85 78.25 7075 175 12345 29.00 5075
15 28.00 120.75 4335 7545 7325 3085 7625 7235 3305 27.05 12045 43.00 72.3% 29.05 106.55 4115 £0.55
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3.2 Processed Data

Using the raw data presented in Tables 1-10, the processing was performed,
which is shown in detail in the following table.

m Equation Sample Calculation
In order to calculate the angle, the cosine rule is used: Turtle I, distance covered in the first replicate in white/no light combination {Table 1).
cosa T TF cosA = Byci-al  80.80% 4 55007 — 115, 001 _ —4607.36 _ _o.5188
o - ¥ . ———————m '
2 2br 2~ (80. 80) - (55. 00)
Side a, is the distance between the turtle’s final position and light source 2. A = arceost-0.5180 = 128, 227
Side c, is the distance between the turtle’s final position and its initial position.
o <] =] 0
he AngleA+angle 0=128.22° 2180 =143.02° > %0.00
al Side b, is the fixed distance between the turtle’s initial position and light source 2. In
i g(r)d;(x)- :nca"y on with the calculation, side b must be measured in the setting, Side b = Thus, the turtle was repelled by “no light” (light source 2), directing its movement towards “white” (light :
n ’ The same series of calculations is followed for the complete set of replicates, at each combination of light:
to By finding “cos A”, the angle A in degrees can be inferred, using turtle individuals. The angle results are presented in Tables 11-15.
F =g
g AT smcas — i
,is 2 :
Angle Q is always constant; since the triangle BOX is right angled, angle { is calculated
using the tangent (tan) trigonometric number.
ion
€ @ 30.00 __ 2
LREE R o e W
¥ 75.08 H
Zan
Therefore,
;z~
1 7= arctanis ;-_.}-zx,sﬂn
3
EY
Angle A is added to angle  in order to determine whether the movement of the turtle
was towards the changing light source or away from it. In the case that:
’
[
. angle A+ anglz O % 90.00  (45.009)
the direction of the turtle is neither towars the changing light source nor towards the
constant white light source: the turtle is unaffected by the changing light
N -
. ® A+ angle 0 > 35050
the direction of the turtle is away form the changing light source and towards the
constant white light source: the turtle is repelled from the changing light
. angle A + angle o< B3G®
the direction of the turtle is towards the changing light source and away from the
constant white light source: the turtle is attracted to the changing light
le _ angls 14 anglc 2+ -} angle 13 Turtle I, mean angle in fifteen replicates in white/no light combination (Table 11).
N means argle = s
fe % mgl - le 13
1e rezan angle Turtle 1= iAo + "1; —E_ gl = 184,50
T
s
n e nit pias T v e forte ¥ v mcte fta 852 F v wngte 2wt = | Turtle I-X, mean angle in white/no light combination (Table 16).
for —— it Tarkine -
— TEan amglc Turtic 1 ¥ mean angle Twrtle 17+ -~ 4+ mean de Turtle X
mean angle all Turtles — 5 b4
the
‘tle
in
1t
s
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(X - Xp? Turtles I-X, mean angle in white/no light combination and standard deviation from the mea
(n-1) 16).

whgts
% # eaeh scors
X mane mean or avereze
= 1he number of vaues
Tracans we Tun 26I0es the valots

Figure 2: Standard Deviation mathematical formula?

Table 11: Sum of angle A and angle Q and direction of movement of Turtles 1 & 1],
Repulsion from 2nd light source I (R}, Attraction to 2nd light source (A) Unaffected

)

Replicates

RO U | W N

L || ]
Vi W N - o

Mean
SD

Angle and Direction of movement of Turtle 1 & II
/ degrees +0.01
Light combinations
/15t light source-2" light source
White/no light White/white White/red White/yellow White/green White/blue
Angle A + Angle ) Angle A + Angle Angle A + Angle 0 Angle A + Angle 1 Angle A + Angle 2 Angle A+ Angle 0
105.73 | 164.06 4526
120.88R ’ , % 41.974
: A P 2270 | 1ts7 14.05

Z http://www.drtomoconnor.com/images/diagrams/standarddeviation.gif
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Table 12: Sum of angle A and angle 2 and direction of movement of Turtle Il & IV
Repulsion from 2nd light source I (R), Attraction to 2nd light source (A) Unaffected

)

Replicates

YN NN NY; 1IN 3CY I X) o

Angle and Direction of movement of Turtle Il & IV

/ degrees +0.01
Light combinations
/1t light source-2nd light source

White/no light White/white White/red White/yellow White/green White/blue
Sum of Angle A & Angle Sum of Angle A & Angle Sum of Angle A & Angle Sum of Angle A & Angle Sum of Angle A & Angle §| Sum of Angle A & Angle

o 0 Q Q a o

! - : 96.50R 85.76 U | 39.88A

, 19.79 - 16.04 12.23
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Table 13: Sum of angle A and angle Q and direction of movement of Turtle V & VI
Repulsion from 2nd light source I (R), Attraction to 2nd light source (A) Unaffected

)

Replicates

ORI |V W N

L RS Y Y
G| W N = o

Mean

=

146.08 R

[ |

19

Angle and Direction of movement of Turtle V & VI
/ degrees #0.01
Light combinations
/15t light source-2"d light source
White/no light White/white White/red White/yellow White/green White/blue
Angle A+ Angle 0 Angle A + Angle Angle A + Angle Angle A + Angle 0 Angle A + Angle Angle A + Angle 0

35.23

30.82

31.67

189.27

3171

27.45

24.76

23.67

24.85

37.71

29.60

29.97

29.80

49.03

45.14

42.71A

41.17




Table 14: Sum of angle A and angle  and direction of movement of Turtle VIl &
VIII, Repulsion from 2nd light source I (R), Attraction to 2nd light source (A)
Unaffected (U)

Replicates

olo|N|an|slw| N m

i | b |
N | O

Angle and Direction of movement of Turtle VII & VIII
/ degrees +0.01

Light combinations
/15t light source-2nd light source

White/no light

White/white

White/red

White/yellow

White/green

White/blue

Angle A + Angle 0

b
W

132.36

[y
o

JUny
wu

171.12

Mean

169.13R

SD

Angle A + Angle

Angle A+ Angle 0

Angle A + Angle 01

143.98
174.82

166.41

193.29 §

Angle A+ Angle 0

Angle A+ Angle

51.30
45.53
32.78
37.28
35.49
51.67
54.69
44.11
46.69
35.25
32.37
34.38
26.52
31.29
50.63
40.66 A

8.98
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Table 15: Sum of angle A and angle Q2 and direction of movement of Turtle IX & X,
Repulsion from 2nd light source I (R), Attraction to 2nd light source (A) Unaffected

)

Replicates

Rialele|N|o|ul sl win=

Y Y g R
| WiN

Mean
SD

21

Angle and Direction of movement of Turtle IX & X
/ degrees +0.01
Light combinations
/15t light source-2nd light source
White/no light White/white White/red White/yellow White/green White/blue
Angle A + Angle Angle A + Angle 0 Angle A+ Angle 0 Angle A + Angle Angle A + Angle Angle A + Angle 0

56.76
46.35
35.12
38.66
47.14
41.34
32.74
28.26
51.47
4045A

8.96




Chapter IV: DISCUSSION

4.1 Evaluation of Results

The results of the processing revealed that turtles indeed demonstrated a
different behaviour concerning their mode of movement, in response to changes
in the combinations of lights (Table 16 and Figures Il & III). As such, an overall
tendency to be directed towards the blue light was observed as already
described in previous studies (Environmental Assessment Guideline No. 5,
Protecting Marine Turtles from Light Impacts, 2010, and Gless et al, 2008), with
a mean angle sum of 37.54° and very small SD (4.04°). However, the expected
attraction towards green light was not confirmed, since the results demonstrated
that individual turtles were mostly unaffected by it, remaining in about the
middle area of the experimental setup (mean angle sum of 89.61° and again
small SD, 4.61°). Comparable to these results were the movement patterns of the
turtles when both sources were white light. The mean angle sum was 89.87°
however, with larger SD value (9.55°), suggesting that the turtles were
undecided as to whether to move towards the one light source or the other,
which is expected.

The turtles were repelled by the yellow light (mean angle sum was 166.73°, with
small SD value (4.98°), again in agreement with previous studies (Wang et al,
2007). A type of repulsion for the turtles was also demonstrated in the case of
white light/no light combination, in which turtles actually referred to move
towards the light source, avoiding the darker side (mean angle sum was 147.00°,
with quite large SD value 17.33°). The large SD value probably suggests that
turtles wandered around during their movement, reaching at different final
positions each time. Red light also repelled the turtles but to a much lower
degree than yellow or darkness. The mean angle sum was 98.42°, but the largest
SD value measured (24.77°), clearly illustrates the fact that turtles were
behaving inconsistently in response to red light. This is why some of them were
unaffected, while others were repelled. There was even one individual that was
actually attracted to it. These findings agree with previous studies, which suggest
that in order for red light to attract the young individual turtles it must be 100 -
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600 times stronger than blue light (Fehring, 1972, and Granda & O’Shea, 1972). It
would have been interesting to test this prediction by changing the intensity of
the light lamps, but would have required a number of more sophisticated
equipment than the ones available to the author.

Table 16: Mean sum of Angles A and  and direction of movement of all Turtles at
different combinations of light, Repulsion from 2nd light source I (R), Attraction to
2nd light source (A) Unaffected (U)

Mean Angle and Direction of movement of all Turtles

/degrees +0.01
Turtles Light combinations
/15t light source-2nd light source
White/no light White/white White/red White/yellow White/green White/blue
A:fé‘l’e"ﬂ* Direction A,{‘fé‘ff{ Direction A:f;’e"n“ Direction A:féfe“n“ Direction A:f;fe"; Direction A}{‘fgfﬂ* Direction
I 144.50 R 107.88 R 91.99 U 171.47 R 89.99 u 33.89 A
11 120.88 R 80.39 A 103.17 R 169.34 R 85.34 U 41.97 A
111 139.85 R 91.27 U 166.21 R 163.17 R 94.31 U 35.26 A
IV 134.01 R 104.52 R 96.50 R 171.42 R 85.76 u 39.88 A
\"4 125.06 R 88.86 U 96.61 R 161.98 R 87.17 u 32.08 A
VI 146.08 R 88.00 u 90.62 U 168.51 R 92.07 U 4271 A
VI 165.27 R 83.80 A 88.32 ] 175.05 R 95.84 R 32.40 A
VIII 169.13 R 90.61 U 79.08 A 162.52 R 95.70 R 40.66 A
IX 161.78 R 78.99 A 85.53 U 161.63 R 86.49 u 36.06 A
X 163.45 R 84.42 86.14 u 162.16 R 83.43 40.45 A
Mean | 147.00 R 89.87 u 98.42 R 166.73 R 89.61 u 37.54 A
SD 17.33 9.55 24.77 4.98 4.61 4.04
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In terms of the statistical analysis that was performed, the following values were
calculated.

Table 17: Descriptive Statistics

N Range | Minimum | Maximum Mean Std. Deviation | Variance |Skewness
Statistic | Statistic | Statistic | Statistic Statistic Statistic Statistic | Statistic
VAR 1: v’:?;;etl'ght/ No 10 4825 120,88 169,13 147,0010 17,33063 300,351 -0,169
VAR 2: White
10 28,89 78,99 107,88 89,8740 9,54986 91,200 1,028
light/White light
VAR 3: WZ;Z:'ght/ Red 10 87,13 79,08 166,21 98,4170 24,76599 613,354 2,731
VAR 4: White
10 13,42 161,63 175,05 166,7250 4,98354 24,836 0,401
light/Yellow light
VAR 5: White
10 12,41 83,43 95,84 89,6100 4,60824 21,236 0,242
light/Green light
VAR 6: White
10 10,09 32,08 42,17 37,4820 3,96721 15,739 -0,186
light/Blue light
Valid N (listwise) 10
Table 18: Descriptive Statistics
Skewness Kurtosis
Std. Error Statistic Std. Error
VAR 1: White light/No light 0,687 -1,435 1,334
VAR 2: White light/White light 0,687 0,266 1,334
VAR 3: White light/Red light 0,687 8,035 1,334
VAR 4: White light/Yellow light 0,687 -1,530 1,334
VAR 5: White light/Green light 0,687 -1,654 1,334
VAR 6: White light/Blue light 0,687 -1,859 1,334
Valid N (listwise)

The paired samples t-test was performed to see if the differences measured
between the angles of movement followed by the turtles were significant or not
(p 0.05). The results are shown in the following tables.

Table 19: Paired Samples Test

Paired Differences
. . 95% Confidence Interval of the
Variable Pairs Mean Std. Deviation | Std. Error Mean Difference
Lower Upper

Pair 1 VAR1~-VARZ 57,12700 21,50349 6,80000 41,74433 72,50967

Pair 2 VAR1-VAR3 48,58400 35,39485 11,19284 23,26405 73,90395

Pair 3 VAR1-VAR4 -19,72400 18,66649 5,90286 -33,07720 -6,37080

Pair 4 VAR1-VARS 57,39100 16,11115 5,06479 45,86577 68,91623

Pair 5 VAR1-VARG6 109,51900 17,80398 5,63011 96,78280 122,25520

Pair 6 VAR2-VAR3 -8,54300 25,79394 8,15676 -26,99487 9,90887

Pair 7 VARZ - VAR 4 -76,85100 9,06232 2,86576 -83,33379 -70,36821

Pair 8 VARZ -VAR 5 0,26400 10,28784 3,25330 -7,09548 7,62348

Pair 9 VARZ2 -VAR 6 52,39200 10,82443 3,42299 44,64867 60,13533
Pair 10 VAR3-VAR 4 -68,30800 25,93287 8,20069 -86,85926 -49,75674
Pair 11 VAR3-VARS5 8,80700 24,18331 7,64743 -8,49269 26,10669
Pair 12 VAR3-VARG6 60,93500 25,80602 8,16058 42,47448 79,39552
Pair 13 VAR4-VARS5 77,11500 6,05780 1,91564 72,78151 81,44849
Pair 14 VAR4-VARG6 129,24300 6,61160 2,09077 124,51335 133,97265
Pair 15 VAR5 -VAR 6 52,12800 6,80015 2,15040 47,26346 56,99254
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Table 20: Paired Samples Test

Variable Pairs 4 df Sig, (2-tailed)
Pair 1 VARO00001 - VAR00002 8.401 9 0,000
Pair 2 VAR00001 - VARO0003 4.341 9 0,002
Pair 3 VAROOGOI - VARGOOO04 -3.341 9 0,009
Pair 4 VAR0000I - VAR00OOS 11,265 9 0,000
Pair 5 VARGO001 - VARG0006 19,452 9 0,000
Pair 6 VARO00002 - VAROOOO3 -1,047 9 0,322
Pair 7 VARO0002 - VAROOO04 -26,817 9 0.000
Pair 8 VARO00002 - VAR0OOOOS 0,081 9 0.937
Pair 9 VAR00002 - VAR00006 15,306 9 0.000
Pair 10 VAR00G03 - VAR0O0O04 -8.330 9 0,000
Pair 11 VAROGOO3 - VAROOOOS 1,152 9 0.279
Pair 12 VAROGO03 - VAROOOO6 7.467 9 0,000
Pair 13 VARO0004 - VAROOOOS 40,255 9 0,000
Pair 14 VAR00004 - VAR0OOO6 61,816 9 0,000
Pair 15 VARO0005 - VAR00006 24,241 9 0,000

In order to draw conclusions about any statistically significant differences, the t
calculated must be higher than the t critical, for 9 d.f. (p 0.05). Observing the
pairs of variables we can see that in the case of white light/no light and white
light/white light, the t calculated is larger than the t critical, thus the difference is
significant. The same is true for combinations the following combinations of
light: white/no and white/red, white/no and white/green, white/no and
white/blue. The only combination in which the difference between the results is
statistically non-significant was the white/no and white/yellow, suggesting that
the effect of darkness in repelling the turtles is not significantly different than the
repelling effect of yellow light. Then the combinations of white/white and
white/red, as well as white/white and white/yellow, and white/white and
white/green were again found to be statistically non-significant according to the
t test. This delineates the fact that the animals were not specially choosing their
direction of movement when both sources of light were white, in comparison to
red light (again unaffected), yellow light (repelled) and green light (unaffected).

However, there was significance in the difference between the combination
white/white and white/green. When the combination white/red and
white/yellow was compared, the t test showed insignificant difference, again
suggesting that the effect of yellow and red is overall repelling for the animals,
but without being statistically different. The white/red and white/green as well
as the white/red and white /blue combinations showed significant differences,
suggesting that attraction from blue is of importance for the turtles. Then the
combination white/yellow and white/green as well as white/yellow and
white/blue showed significant difference, suggesting the opposing effect of the
different wavelengths. Finally, the combination white/green and white/blue
showed significant difference as well, demonstrating that the attractive effect of
blue is strong for the turtles against the indifferent behaviour they show against
green light.
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4.2 Evaluation of Procedure

The experimental investigation unavoidably obtained a number of important
limitations. The following table includes limitations and realistic modifications

concerning the experimental procedure.

Limitation

Modification

Firstly, the turtle individuals were not actually
hatchlings. Therefore, they have developed a
certain degree of adaptation in the lights
surrounding them.

It would have been nearer to real conditions if
hatchlings could have been investigated.

Secondly, the turtles were neither all from the
same batch,. These two parameters may have
affected the behaviour of the animals against the
different combinations of light and may account
for large deviations observed in some of the trials.

Thus, the individuals should have been more
closely related both in their genetic makeup
(siblings).

A third limitation was the human presence. The
turtles were used to the presence of humans
around them and may have not been affected by it.

However, it would have been closer to reality if
the turtles could have been observed without
being continuously disturbed.

Another limitation concerning the setting of the
experiment was the dimensions as well as the
terrain. Firstly, the rectangle constructed was
small, not allowing to the animals to move freely.
Secondly, the surface on which the animals were
moving was far from their natural one, which
might have added up to the stress they were
feeling, affecting thus their realized route.

The ideal setting would have been the natural
one, such as the seashore or a more elaborately
structured artificial setting, much closer to
reality.

Another important limitation pertains to the
ethical considerations of experimentation with
animals and the fact that it is inevitable to perform
the investigation without affecting the turtles in
any way.

It must be stated, that the animals were neither
deliberately, nor accidentally harmed in any way,
whatsoever.

Additionally, concerning the light sources, it
should have been more appropriate to use light
lamps with minimum diffusion, such as beam
lamps or fluorescent sticks, that minimize
scattering and diffusion of light, making the
measurements much more accurate.

As can be seen in the photographs in Appendix I,
the diffusion of light was important and that
limited the reliability of the measurements.
However, one must not forget that real
conditions in natural settings include a great
degree of light scattering and diffusion, which
add more perplexity to turtles’ perception and
final route decisions.

Finally, although it seems that the light pollution
affected the animals’ selections of the route, it
would have been more appropriate to examine
more species of aquatic turtle or even other
reptiles or amphibian species and collect
measurements to construct a more holistic
understanding of the phenomenon.

Although interesting, such an investigation would
have required more elaborate equipment, such as
cameras or tagging tools and protocols, in order
to mimic the real conditions and collect reliable
measurements.
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4.3 Conclusion

The investigation was successful in confirming previously published research
conclusions relative to the effect of the different wavelength of light on the route
chosen by the young individual turtles. It seems that blue has an attractive role,
perhaps due its resemblance to the oceanic hues, and is instinctively followed by
the youngsters, upon hatching, in order to increase their survival rate, by rapidly
finding the sea. On the other hand, it was demonstrated that yellow and red light
wavelengths actually repel the turtles, as does the absence of light, highlighting
the disruptive effect that city lights may have on the routinely followed routes of
turtles. The resulting disorientation may greatly decrease the survival rate of the
animals. Green light was not shown to affect the animals.

It has been shown previously that except turtles, other animals, like frogs are
adversely affected by light pollution, and have decreased in population, due to
urban sprawling (decrease in the mating chorus from male frogs, diminishes
intercourse events). Specific frog species and salamanders make use of a light-
dependent type of compass in order to orient themselves and guide their
migratory behavior to the selected breeding sites. Introduced light has been
shown to cause developmental abnormalities, like decreased sperm production,
retinal damage and genetic mutations (Scheling, L. 2006; Barrett, K., and Guyer,
C. 2008; and Woltz, et al 2008), Furthermore, migrating birds get greatly
disoriented, failing to reach their destination and many times being killed in the
process (Malakoff 2001).

Conclusively, it is evident that light pollution is of great importance for the
survival of wildlife species including turtles and should be taken under
consideration, when civil structures building is about to take place along the
shoreline. The conduction of further research to exactly highlight the relevance
of light pollution to behavioural patterns of various animal species is therefore,
of prime significance in modern society. Especially, within the Greek territory
where many endemic species thrive and the marine biota are greatly diverse,
such research is not only needed, but it must become a critical priority, in order
to protect their habitats and to avoid accidental by-catch in fishery lines.
Therefore, special consideration must be given to conservation strategies and
legislation.
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APPENDIX |

Photographs taken during the course of the experimental investigation

Figure V: The turtles underwater

31



Figure VIII: The scattering of light form the source is evident in the preliminary trial of the
experiment
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Figure IX: x denotes the starting point for each individual in the preliminary trial of the
experiment

Figure X: Individual turtle at the starting point in the preliminary trial of the experiment
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